A temperate deep lake, Lake Kuttara, Hokkaido, Japan (148 m deep at maximum) was 13 completely frozen every winter in the 20th century. However, unfrozen conditions of the lake over 14 winter occurred four times in the 21st century, which is probably due to global warming. In order 15
Introduction 27
At present, global warming tends to increase unfrozen days in the arctic to subarctic regions 28 [1,2], though a temporal slowdown in the global warming in 1998-2013 was reported [3, 4] .
29
Following the Köppen-Geiger climate classification, the Hokkaido Island, Japan, belongs to the 30 southernmost subarctic area, where some water regions increase unfrozen days [2] . Two deep 31 caldera lakes, Shikotsu (360.1 m deep at maximum) and Toya (180.0 m deep at maximum), 32
Hokkaido, are known as secularly unfrozen lakes [5] [6] [7] . Two curators, Ms. Naoko Mayeda and Mr. 2009, and partly frozen only one day in 2015, due to relatively warm winters. Even if frozen, the lake 38 tends to shorten the frozen periods [9] . Non-freezing or shortening frozen periods could affect the 39 aquatic ecosystem, because the solar radiation input then increases and nutrient input by snowmelt 40 and rainfall runoffs from the surrounding catchment slope occurs at any time.
41
How lakes are frozen and then the lake ice is grown is physically developed by Ashton non-freeze over winter. In this study, heat budget of temperate Lake Kuttara is estimated for about 4 50 years, and the calculated heat storage change is compared with observed one from moored 51 temperature loggers. An increase in the frequency of unfrozen conditions for the future is predicted 52 from significant long-term trends for air temperature and wind speed. 53
Study Area and Observations 54
A temperate deep lake, Lake Kuttara (42°29′57′′ N, 141°10′55′′ E; lake level, ca. 258 m above sea 55 level abbreviated as "asl"; 4.68 km 2 in area), was formed 40,000 years ago by the volcanic eruption of 56 Kuttara Volcano (Figure 1 ). 
67
In order to estimate heat storage change of Lake Kuttara, 33 temperature data loggers were 68 moored at the deepest point (site MD in Figure 1 ) on 1 September 2012 (Figure 2 periods was -4.3 °C, -3.2 °C, -1.4 °C and -2.2 °C, respectively. Thus, mean air temperature (here, -1.4 143 °C) for the days with negative air temperature before complete or partial freeze could also be one of 144 meteorological factors determining freeze or non-freeze. The number of days with negative air 145 temperature before complete freeze is smallest (50 days) in the winter of 2012 -2013, but the mean air 146 temperature was then lowest at -4.3 °C. Hence, it is seen that the efficiency of cooling down to 147 complete freeze was highest in 2012 -2013. Observations at site B offered freezing processes in the 148 lake by two ways; one is pure-ice extension from lake shore by natural cooling, and the other is 149 snowy-ice formation from relatively large snowfall onto water surface. In the latter way, the lake 150 was completely frozen in about a day. 151 it is seen that the 2014 freeze without snowy ice occurred by pure-ice extension from the 185 lake shore. 186 respectively. The α values were then determined depending on lake surface conditions during freeze, 240
i.e., pure-ice extension from lake shore, snowy water (slush) just after snowfall, snowy ice after its freeze and 241 snow accumulation on ice. Downward longwave radiation L d was numerically obtained as a function of air 242 temperature, total amount of effective water vapor content and relative sunshine duration [21] . 243 Sensible heat flux Q H and latent heat flux Q E in equation (1) was numerically obtained by the 244 following bulk transfer method: 245 (6) 246
where ρ a is air density (=1.2 kg/m 3 ), c is specific heat (J/Kg/K) of air under constant pressure, β is 248 ratio of water vapor density to dry air density (=0.622), aH and aE are dimensionless bulk transfer 249
( ρ coefficients for sensible heat and latent heat, respectively, uz is wind speed (m/s) at z (m) above 250 ground surface, Tz is air temperature (K) at z, Ts is surface temperature (K) at water surface, ice 251 surface or snow surface, l is latent heat (J/kg) for evaporation, p is air pressure (Pa) at z, ez is vapor 252 pressure (Pa) at z, and e0 is satuarated vapor pressure (Pa) at Ts. Assuming the atomospheric 253 condition to be neutral at any time, a H =a E ∼1.5⋅10
−3
was given for 1 ∼ < u3 < ∼10 m/s [21] . During 254 complete freeze, Q E is zero at ice-water interface, but, instead, sublimation from ice or snow surface at less 255 than 0 °C or evaporation at water surface of 0 °C (after rainfall) above ice surface was caluculated. At T 3 > 0 256 °C, Ts = 0 °C is given, and the net heat flux, Rn − QH − QE + QP, at surface is then consumed as fusion 257 heat of ice or snow. When the right side of equation (1) was negative at ice-water interface after 258 complete freeze, and also its absolute value is larger than the upward heat flux at ice-water interface, 259 the consequent heat loss was replaced by pure-ice growth. Snow depth on ice after complete freeze 260 was supposed to be equal to snow depth after the date of freeze at the Noboribetsu station. (1) from the water temperature measurement at site MD. In Figure 8 , daily heat storage change ΔG 287 is accumulated from the initial heat storage, 5.96×10 3 MJ/m 2 , of 2 September 2012 for the observation 288 period. As a result, the calculated G from the heat budget estimate on the right side of equation (1) 289 is reasonable to the observed one with the determination coefficient R 2 =0.827 and the root-mean 290 square error RMSE=296.9 MJ/m 2 . The net heat flux HG by groundwater input and output was then 291
given as a constant of -49 W/m 2 to give the best fit to the observed G. Thus, temporal variation of 292 daily heat storage can be reasonably acquired by data of meteorology, lake level and surface water 293 temperature, though the parameter, HG, contains some uncertainty. Here, R 2 and RMSE are given as 294 follows: 295
where and are observed and calculated heat storages on the t th day, respectively, and 298 is heat storage averaged over the observation period T. The observed G in Figure 8 indicates that 299 the lake receives heating in mid-February -mid-August and coolng in mid-August -mid-February. 300
The calculated G tends to be overestimated as a whole. This is probably due to overestimation of HG 301 ( = -49 W/m 2 ) in the relatively cold winters of 2013 and 2014, since HG = -67 W/m 2 is obtained in a 302 frozen period as a minimum throughout the year [14] . It is needed to know how HGin and HGout 303 change seasonally. In the winter of 2015, the lake was partly frozen only one day (12 January). Thus, 304 this winter could provide a critical heat storage for non-freezing. As a result, the observed G gives 305 G = 5.35×10 3 MJ/m 2 as the lowest heat storage for non-freeze. The lowest G in 2013, 2014 and 2016 306 was 4.66×10 3 MJ/m 2 , 4.85×10 3 MJ/m 2 and 5.32×10 3 MJ/m 2. , thus corresponding to the durations of 307 complete freeze, 82 days, 57 days and 31 days, respectively. 308
Prediction for Non-Freezing 309
By sensitivity analysis for the calculated heat storage, Chikita et al. [22] revealed that the heat 310 storage of Lake Kuttara increases effectively with increasing air temperature and rainfall. Applying 311 the 1978 -2017data of the Noboribetsu meteorological station, it is found that there are statistically 312 siginificant long-term trends (less than 5 % level) for annual mean air temperature and wind speed.
313
As a result, an increasing rate of air temperature was given at +0.024 ℃/yr, and a decreasing rate of 314 wind speed, at -0.01 m/s/yr. Meanwhile, annual rainfall and precipitation did not dipict any 315 siginificant trends. Assuming the trends to be equal to those at the lake, it is possible to predict 316 changes of heat storage and non-freezing conditions for the future. June 2016 were obtained for Lake Kuttara, and its heat storage change ΔG was estimated by two 335 ways, i.e., ΔG0 from direct water temperature measurement and ΔGcal from the heat budget estimate.
336
In the winter of 2015, the lake is partly frozen only one day, while, in the winters of 2013, 2014 and 337 2016, it was completely frozen. The lowest heat storage of 5.35×10 3 MJ/m 2 in the 2015 winter can 338 thus be a critical heat storage for non-freeze. Giving the net heat flux HG by groundwater input and 339 output at a constant of -47 W/m 2 , the temporal variation of heat storage Gcal is consistent with that 340 of G0, showing R 2 =0.827 and RMSE=296.9 MJ/m 2 . However, the HG value could change in response 341 to rainfall, since HG = -67 W/m 2 in the frozen period is given as the annual miminum. It is needed to 342 know how groundwater input Gin and groundwater output Gout temporally change in the water 343 budget. Based on sensitivity analysis for heat storage Gcal, non-freezing of the lake for the future was 344 discussed. Significant long-term trends from the 40-yr meteorologcal data indicate +0.024 °C/yr for 345 air temperature and -0.01 m/s/yr for wind speed. As a result, the air temperatue at + 0.24 °C and its 346 combination with the wind speed at -0.1 m/s increase the heat storage up to the non-freeze level. 347
